The thermally induced insulator-metal transition ͑IMT͒ has been investigated for single crystals of undoped and lightly doped LaCoO 3 by measurements of the optical-conductivity spectra, the resistivity, and the Hall coefficient up to 800 K. The IMT around 500 K, where the spin-state transition from the nonmagnetic (S ϭ0) ground state to the intermediate-spin (Sϭ1) state is nearly completed, is characterized by a large energy-scale change of the electronic structure as well as by a steep increase of carrier number up to a typical metallic value due to closing of the charge gap. These behaviors are strikingly parallel to those characteristic of the Mott transition. ͓S0163-1829͑98͒50628-5͔
Strong electron correlations make most of the 3d transition metal oxides ͑and some chalcogenides͒ electrically insulating with a finite charge gap, while retaining the freedom in the spin sector, and hence form a Mott insulator.
1 When the band filling is changed from an integer number, however, many of these compounds can become barely metallic ͑filling-control Mott transition͒. Such a carrier-doping procedure often produces intriguing electronic properties, such as high-temperature superconductivity and colossal magnetoresistance, as observed in the doped cuprates and manganites, respectively. On the other hand, some systems show the thermally induced or pressure-induced Mott transition even at a constant integer band filling, as observed for V 2 O 3 , 2 NiS 2Ϫx Se x , 3 and RNiO 3 ͑R being a rare-earth ion͒. 4 LaCoO 3 investigated here is one such example, although it shows a nonmagnetic ground state making it distinctive from the conventional Mott insulator. [5] [6] [7] In this paper, we revisit the insulator-metal transition ͑IMT͒ in LaCoO 3 by means of optical-spectroscopic and Hall coefficient measurements on single crystals up to high enough temperatures and clarify an important role of electron correlations in the course of IMT.
LaCoO 3 with perovskite-type structure has long been known to show a unique nonmetal-metal crossover with change of temperature: [8] [9] [10] [11] [12] The ground state of LaCoO 3 is a nonmagnetic insulator with a predominant electron configuration of 3d 6 of Co 3ϩ fully occupying the t 2g level. [5] [6] [7] This is caused because the crystal-field splitting (10Dq) barely exceeds the Hund's-rule coupling energy. With increase of temperature, however, the compound undergoes the spinstate transition from a nonmagnetic (Sϭ0) to a paramagnetic state, as evidenced by a steep increase of the magnetic susceptibility around 100 K, as exemplified in the lower panel of Fig. 1 14 have recently demonstrated, using the LDAϩU approach, the relative stability of the Sϭ1 state over the S ϭ2 state, as a result of the strong p-d hybridization effect as well as of the orbital ordering effect, in contrast to the expectation from the simple ionic model. A recent finding of the appreciable local lattice distortion during the spin-state transition 15 suggests the presence of Jahn-Teller distortions in the high-temperature spin state, supporting the Sϭ1 state model. An example of the fitting procedures of the magnetic susceptibility with the localized spin model was reproduced in Fig. 1 interaction J between the thermally excited neighboring S ϭ1 spins. An appropriate choice of parameters ͑⌬ϭ230 K and antiferromagnetic JϭϪ9.7 K͒ gives a reasonable account for the temperature dependence, although the Sϭ2 state model shows a similar reproducibility with another set of parameters. 7 Whichever model would be better, the spingap energy is as small as 0.02-0.03 eV and at above room temperature the magnetic state density exceeds 80% of the Co sites. However, the resistivity shows the least anomaly around the spin-state transition near 100 K with a nearly constant activation energy of about 0.2 eV. A large reduction of the resistivity takes place at high temperatures around 500 K ͑see the upper panel of Fig. 1͒ , where the spin-state transition is almost completed. So far, the origin of the IMT in LaCoO 3 has been argued in various contexts, such as the thermal population of the e g state accompanying an increase in the Co-O bond length ͑the electronic/structural feedback mechanism͒, 8 the semimetallic gap closing between the unoccupied e g and occupied t 2g bands, 12 the e g orbital ordering/disordering transition, 14 etc. In this paper, we report the large energy-scale change of the electronic structure responsible for this resistive transition as well as the appearance of the high-temperature metallic state with a high carrier density. The present observations exclude the simple scenario of the gap closing of the band insulator, and underline the importance of electron correlations in the thermally induced IMT.
Single crystals of LaCoO 3 were grown by the floatingzone method, details of which have been published in Ref. 7 .
The powder x-ray diffraction showed that the crystal is a slightly distorted perovskite with rhombohedral structure (R3 c) in accord with the result of the literature. 8 The oxygen nonstoichiometry y (LaCoO 3ϩy ), which produces nearly localized holes with a gigantic spin (Sϭ10Ϫ16), 7 was estimated to be less than 0.005 by the low-temperature magnetization measurements. The optical conductivity spectra were derived by the Kramers-Kronig analysis of near-normalincidence reflectivity spectra in the energy range of 0.01-6 eV and 0.05-6 eV for the temperature ranges of 10-300 K and 300-800 K, respectively, in conjunction with the room temperature data up to 36 eV and with appropriate extrapolations. The temperature dependence of the Hall coefficient was measured up to 800 K, using a Bitter-type magnet ͑1.4 T͒ equipped with a cryostat and a small oven. All the hightemperature measurements were done in air, yet thermally induced oxygen nonstoichiometry was scarcely observed and the experimental results were confirmed to be reproducible for repeated thermal cycles.
In the upper panel of Fig. 2 , we show the temperature dependence of the optical conductivity spectra in the photon energy range of 0-4 eV. With increasing temperature up to 800 K through the IM crossover temperature around 500 K the spectra show conspicuous change over a large energy region up to several eV. Such a striking spectral change cannot be accounted for in terms of a simple scenario of the band-gap closing as in the narrow-gap band insulator ͑semi-conductor͒ in spite of the nonmagnetic feature of the insulating ground state, suggesting the importance of electron correlation effects with an inherently large energy scale. The optical conductivity spectrum shows a gap feature at 9 K and undergoes minimal change even when temperature is increased up to 290 K, where the spin-state transition is almost completed. Such an insensitivity of the electronic structure to the spin-state transition is consistent with the recent results of photoemission spectroscopy. 16 The gap energy estimated from the onset of the conductivity is more than 0.1 eV, 7 in accord with the transport data, although the accurate gap energy is difficult to determine because of the blurred onset of the conductivity perhaps due to the indirect-gap nature. 17, 18 Around 500 K, the onset of the conductivity spectrum ͑Ͻ0.5 eV͒ is remarkably shifted to lower energy, implying a steep closing of the charge gap. Furthermore, the spectral weight is transferred from the higher-lying interband transition region to the lower-energy region accompanying the well-defined isosbetic ͑equiabsorption͒ point at Ϸ1.3 eV. The feature is reminiscent of the spectral change in the filling-control Mott transition as observed in La 2Ϫx Sr x CuO 4 , 19 Pr 2Ϫx Ce x CuO 4 , 20 R 1Ϫx Ca x TiO 3 ͑R being the rare-earth ion͒, 21 etc. Quite a similar change in the conductivity spectra are observed, as shown in the lower panel of Fig. 2 , for the holedoped LaCoO 3 , that is La 1Ϫx Sr x CoO 3 , with change of doping level x. The optical conductivity spectra ͑290 K͒ show a similar spectral weight transfer with increase of x accompanying the isosbetic point around 1.3 eV as well. Most of the low-energy spectral weight is carried by the nearlyindependent low-energy part, that is far from a Drude shape, not only in high-temperature phase LaCoO 3 but in metallic La 1Ϫx Sr x CoO 3 ͑e.g., xϭ0.15 and 0.3͒.
Such a nearly parallel behavior in the respective cases of temperature increasing and hole doping indicates that the electronic-structural change in both IMT's is also nearly identical in nature when viewed on a large energy scale. To measure the increase of the kinetic energy of the electron system in the course of IMT, we have used the effective number of electrons (N eff ), which is defined as 21 N eff ϭ 2m 0
Here, m 0 is the free electron mass and N the number of Co atoms per unit volume. The cut-off energy ប c was adopted to be the energy of the isosbetic point ͑1.3 eV͒. The transferred spectral weight Ñ eff in the course of the IMT can be represented approximately as
We show in Fig. 3 temperature and doping dependence of the Ñ eff for LaCoO 3 and La 1Ϫx Sr x CoO 3 , respectively, in comparison with the respective dc conductivity values. In both cases, the spectral weight transfer across the isosbetic point ͑1.3 eV͒, or the spectral filling in of the gap region, readily starts before the actual steep transition of the dc conductivity, which is quite a generic feature for the fillingcontrol or bandwidth-control Mott transitions. 21 The Ñ eff value ͑Ϸ0.13͒ at 800 K for LaCoO 3 is nearly the same as for the most conducting xϭ0.3 compound, confirming again the aforementioned feature; namely, the high-temperature metallic state in LaCoO 3 shows an electronic structure very similar to that of the doping-induced metallic state. Furthermore, the xϭ0.3 crystal shows the ferromagnetic transition around 200 K. 22 Therefore, the high-temperature conducting state in an LaCoO 3 crystal is likely to show the ferromagnetic exchange interaction, which may be an origin of the increase in the magnetic susceptibility upon the I-M crossover around 500 K as seen in Fig. 1 . Figure 4 displays the inverse-temperature (T Ϫ1 ) dependence of the Hall coefficient (R H ; lower panel͒ together with that of resistivity ͑͒ in LaCoO 3 and lightly hole-doped compounds La 1Ϫx Sr x CoO 3 (xϭ0.005 and 0.01͒. ͑For the ϪT curves in these lightly doped crystals, see also the upper panel of Fig. 1.͒ The actual doping level is difficult to directly measure, but the very stoichiometric nature of the floating-zone-grown crystal can produce the systematic change in the transport and magnetic properties with such a slight change of x as observed. The R H is positive, i.e., holetype conduction, over the whole temperature region, and shows as steep a change as the resistivity as a function of temperature, indicating that the semiconducting behavior of resistivity is primarily due to the change of carrier density rather than that of the mobility. The light hole-doping effect manifests itself in the saturation of the increase of the resistivity and Hall coefficient below 400 K. The flat temperature dependence of the R H in the doped crystals implies the saturation behavior of the impurity conduction. In fact, the values of the carrier density ͑0.03 and 0.06 per Co site͒ as deduced from this saturation region ͑300-400 K͒ of the x ϭ0.005 and 0.01 crystals are in a reasonable range as those of lightly doped crystals.
In contrast to such a doped semiconductorlike behavior, the R H value above 400 K shows approximately a common value and identical temperature dependence irrespective of doping level. At temperatures between 400 K and 600 K, the R H or the carrier density nϭ1/R H apparently shows a thermal activation type behavior as expressed by
If we apply an intrinsic conduction model of a semiconductor 23 to the present case, then N c would correspond to the effective density of states and E the intrinsic gap energy. However, we encounter a serious difficulty in that case: The present results would be fitted with the parameters, EϷ0.4 eV and N c Ϸ6ϫ10 23 cm Ϫ3 . N c is usually less than 10 22 cm Ϫ3 by definition and the presently derived value is unphysically high. Obviously, the observed steep change of n should not be explained by such a large E, but should signal that the gap energy itself decreases steeply with increase of temperature. This interpretation is consistent, at least qualitatively, with the gap-closing feature observed in the optical conductivity spectra around 500 K. The fully conducting state, e.g., at 800 K, shows a very small R H value (Ϸ10 Ϫ4 cm Ϫ3 /C͒ characteristic of conventional metals. These facts clearly indicate the presence of a large Fermi surface in the high-temperature conducting phase that is least affected by light hole doping as observed.
In conclusion, we have investigated the change in charge dynamics upon the thermally induced insulator-metal transition ͑IMT͒ in LaCoO 3 as well as lightly hole-doped crystals. The conspicuous change of the optical-conductivity spectrum over a wide energy range up to several eV as well as the closing of the charge gap is observed during the IMT, which mimics the spectral change upon the hole-doping induced IMT in La 1Ϫx Sr x CoO 3 crystals. By contrast, the spectrum undergoes a minimal change upon the spin-state transition around 100 K, indicating the crossover from a spingapped insulator to a Mott insulator with no appreciable change of the charge gap structure. The high-temperature transport measurements have confirmed that the charge gap tends to close rapidly with increase of temperature above 400 K and that the metallic state near 800 K is characterized by a large Fermi surface being typical of a metal and not a semimetal. All the observed features for the thermally induced IMT after the near completion of the spin-state transition are characteristic of the Mott transition in strongly correlated electron systems.
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